A phenomenological theory of high-frequency properties of ferroelectric and ferroelectric-ferromagnet with the 3d-ions has been elaborated based on the separate accounting for spin and orbital electron moments, electron and ion contributions to electric polarization. In the ferroelectric state, the existence of the electron orbital moment leads to the breaks in the temperature dependencies of the transverse components of dielectric susceptibility at the ferroelectric transition temperature. The values of these breaks are proportional to the square of the electron part of spontaneous polarization and the parameter of freezing of the orbital moment. Similar breaks and the decrease of the phonon frequencies in the ferroelectric state should occur in the modes which are not soft. Besides, the effect of induction of high-frequency orbital moment by electron part of electric polarization has been predicted as well. This effect would lead to the break in the temperature dependence of paramagnetic susceptibility at ferroelectric transition temperature. In the ferroelectromagnetic state, the electron orbital moment also manifests itself in λ increase of magnetoelectric gyration ( λ is the constant of spin-orbital interaction).
Introduction
In the 3d-dielectric, electrons of the 3d-shell have a weaker connection with the core than the rest electrons. This permits us to separately consider the contributions to the electric polarization from the 3d-electrons and from the rest part of the ion. The contribution of the 3d-electrons to electric polarization is essential [1] . The electron orbital moment of the 3d-ions in crystals is strongly frozen and its contribution to the total magnetic moment is small. A nonzero value of the orbital moment is due to a small spin-orbital interaction and makes up some percent out of the total moment. A small spin-orbital interaction in the 3d-ions permits to consider spin and orbital moments of the electron separately [2, 3] . Thus there is a possibility to analyze the role of the electron orbital moment in forming high-frequency properties of ferroelectrics (FE) with the 3d-ions.
In the present paper a phenomenological theory of high-frequency properties of FE and ferroelectric-ferromagnet with the 3d-ions has been elaborated. The expressions obtained for the susceptibilities and spectrum contain characteristics of the electron spectrum, i.e. a spin-orbital interaction constant λ and the parameter of the hardness of freezing of the orbital moment. The existence of the electron orbital moment leads to the breaks in the temperature dependencies of the components of dielectric susceptibility in the directions perpendicular to the spontaneous polarization at FE transition temperature. The values of these breaks are proportional to the square of the electron polarization and the parameter of freezing of the orbital moment. Besides,the breaks and the decrease of the frequencies in FE state should be in the modes which are not soft. The induction of high-frequency orbital moment by the electron part of electric polarization has been predicted as well. In the ferroelectromagnetic state, the electron orbital moment displays itself in λ -increase of magnetoelectric (ME) gyration [4] .
Hamiltonian and excitations
Within the phenomenological theory a ferroelectric-ferromagnet can be described by densities of spin S(r), electron orbital L(r), ion electric P i (r), and electron electric P e (r) dipole moments as well as by densities of ion Π i (r) and electron Π e (r) momenta. To avoid too cumbersome expressions, an ion orbital moment which is much smaller than that of an electron is not taken into account here. The operators with the following nonzero commutation relations [5] correspond to the mentioned variables, i.e.
Here indices k, m, n number the vector projections, ∆ km is the Kroneker symbol; v 0 is the volume of an elementary cell; e and e i are electron and ion charges, respectively. Hamiltonian of a ferroelectric-ferromagnet crystal which is taken uniaxial, to be specific,(though it is not of fundamental importance) in external electric e and magnetic h fields is written in the form:
In HamiltonianĤ m the first term is the energy of spin-dipole interaction; the terms with coefficients r and r ⊥ derived from Coulomb interactions and r ,r ⊥ are called the parameters of hardness of freezing of the orbital moment [3] ; λ is the constant of spin-orbital interaction; µ 0 is the Bohr magneton. The terms with coefficients v 1 and v 2 in electrodipole energy operatorĤ e describe the interaction of the electric dipole moment of the electrons of the 3d-shell P e with the dipole moment of an ion core P i .The terms containing operators of momentaΠ e ,Π i are the density operators of electron and ion kinetic energies, and the constants f e , f i are proportional to electron and ion masses, respectively. ME energy (the last termĤ em in (2)) is of dynamic nature. This is the energy of electric polarization in an effective electric field E ef formed by the electron moving with the velocity v in an internal magnetic field with induction B,
(m e is the effective electron mass), B = 4πµ 0 (L + 2S). Therefore, for a constant σ in (2) one can obtain
The indicated ME energy is the scalar, i.e. it is present in the energy of a crystal of any symmetry. The potential ME energy (see, for instance, [2] ) for the ground state considered below leads merely to the inessential renormalization of the constants in (2) and here this energy is omitted. According to modern views a FE transition is a special case of structural phase transition. The displacement of the ionic core from the equilibrium position is accompanied by deformation of the 3d-shell, i.e. by electron polarization. It is assumed here that magnetic ordering arises in a spin subsystem, and due to spin-orbital interaction it magnetizes the orbital moments thus creating an average orbital moment L 0 which differs from zero. All equilibrium moments (S 0 , L 0 , P oi , P oe ) are considered to be directed along the easy axis Z of a crystal. Their magnitudes determined by minimization of homogeneous energy which corresponds to Hamiltonian (2) are as follows:
where v 2 1 and using (1) and (2), in a linear approximation over small deviations of moments from equilibrium values,one can obtain the following equations
Here
Equations for M − = M x − iM y are obtained from equations (5) by the complex conjugation and the change of ǫ by (−ǫ).
Two last equations in (5) describe Z-components of excitations of the electron and the ion polarizations which in a linear approximation are not connected with the rest of the variables. Spectral branches ǫ z(1,2) where
correspond to these excitations. Electron dielectric susceptibility χ e zz = ∂P ze /∂e z and ionic dielectric susceptibility χ i zz = ∂P zi /∂e z are as follows:
As the constants f e and f i are proportional to electron (m e ) and ion (m i ) masses, respectively, then the ratio of frequencies (ω = −1 ǫ) of electron and ion excitations (7) is of the order of ω e /ω i ∼ (m i /m e ) 1/2 ≫ 1. The lower branch of the spectrum is practically a branch of ion excitations, and the upper one corresponds to electron excitations. Using equations (4), (6) and (7) it is easy to see that at FE phase transition (P 0 = 0), the activation energy of the lower branch ǫ z1 turns to zero. The "twinning law" is fulfilled for the total static FE susceptibility χ zz = χ 1 . In the frequency range ω e ≫ ω, the electron susceptibility changes slightly (as compared to χ e zz (0)) while the ion susceptibility is of resonance behaviour near ω z1 . At v 1 = 0 both ion and electron susceptibilities are of resonance behaviour near ω z1 . At high frequencies ω ≫ ω i , the electron susceptibility is (ω e /ω i ) 2 times larger than the ion susceptibility. At these frequencies, χ e zz being far from resonance has got the same order of magnitude as in a static case.
Excitations of the components of moments perpendicular to their equilibrium direction, namely, to the axis Z, are connected with each other. From equations (5) one can obtain expressions for generalized susceptibility,i.e. electric χ nk = ∂P n /∂e k , magnetic x nk = µ 0 ∂I n /∂h k , magnetoelectric α me nk = µ 0 ∂I n /∂e k , α em nk = ∂P n /∂h k , where P = P i + P e , I = L + 2S. In the absence of damping α 
Ferroelectric state
If a spontaneous magnetic moment isn't present, (S 0 = L 0 = 0), and P 0 = 0, then there are four branches of excitations, namely, ǫ z1 , ǫ z2 (7) and optical ion and electron excitations p ⊥ in the basic plane with the energies ǫ oi , ǫ oe respectively. The spectrum is degenerated, i.e.the excitations p x and p y have the same energy and are of oscillation character. The energies ǫ oi and ǫ oe determined from equations (5) are as follows:
Here ǫ 2 e⊥ = C 2Qe , whereQ e = Q e −Ā 0 P 2 oe . As ǫ e⊥ ≫ ǫ i⊥ we obtain approximately
In FE state in the energy of transverse electron mode ǫ e⊥ (10) the term appears which is proportional to the square of the electron part of polarization and the parameter of freezing of orbital moment sinceĀ 0 (k = 0) = r ⊥ 0. This means the decrease and the break in the temperature dependence of transverse electron frequency which is not soft at FE transition.
Transverse components of ion χ i nk and electron χ e nk dielectric susceptibilities are as follows:
. One sees from (11) that transverse components of dielectric susceptibilities as well as the frequency have got breaks at FE transition temperature. The break magnitude will have the largest value at high frequencies ω ∼ ω e , ∆χ e xx = χ
where ∆χ is the difference between the susceptibility (χ e + ) above FE transition temperature T e extrapolated to T T e and the susceptibility χ e − below T e . According to the order of magnitudeĀ 0 ∼ ǫ e , thus ∆χ ∼ P e . An experimental measurement of the mentioned breaks could help to evaluate the parameters P 0e and r ⊥ .
As it follows from the first equation in (5) excitations of electric polarization p ⊥ at P 0 = 0 are accompanied by excitations of an orbital moment l ⊥ , i.e. high-frequency linear ME effect takes place [4] . This effect is characterized by a nondiagonal component of ME susceptibility
Besides, the orbital magnetic susceptibility which is proportional to the square of electron spontaneous polarization is induced:
The effect of induction of the orbital magnetic susceptibility in a FE state should be accompanied by a break in temperature dependence of paramagnetic susceptibility at T = T e . According to (14), the break magnitude is proportional to the square of electron polarization. The value of ME susceptibility (13) increases with the increasing frequency (i.e. ǫ) and it is a resonance behaviour at ion (ω oi ) and electron (ω oe ) frequencies. The largest value α xy takes at electron frequencies ω ∼ ω e [4] . In this case far from resonance α xy ∼ µ 0 P 0e ǫ −1 e . For values P 0e ∼ 10 µ C cm −2 the magnitude α xy ∼ 10 −4 − 10 −3 . Orbital magnetic susceptibility induced by spontaneous electric polarization is much smaller.
Ferroelectric-ferromagnetic state
In the ferroelectric-ferromagnetic state when S 0 = 0, L 0 = 0, P 0 = 0, the optical phonon excitations p ⊥ are not degenerated and are of circle precession character around the direction of a spontaneous magnetic moment I oz = L oz + 2S oz . The energies left (ǫ − ) and right (ǫ + ) precessions are different. As the values of ǫ e⊥ ≫ ǫ i⊥ ≫ ǫ σ from (5) we obtain in a linear approximation over ǫ σ
As seen from (15),splitting of lines of the ion phonon spectrum in the internal magnetic field ∼ I o is (ǫ e /ǫ i ) times smaller than the electron one. The latter is also rather small, ∼ ǫ σ /ǫ e .
Magnetic moment I o induces a nondiagonal component of dielectric susceptibility χ xy . In the same linear approximation over ǫ σ one finds
It follows from (16) . High-frequency ME susceptibility of uniaxial ferroelectric-ferromagnet has got three components which differ from zero, i.e. α xy and α xx = α yy . A nondiagonal component α xy is approximately determined by expressions (13) at frequencies which are larger than the spin ones.
A new component α xx = α yy which differs from zero appears only in a ferroelectric-ferromagnetic state ( or in external electric and magnetic fields [4] ), α xx ∼ P 0 S 0 . At the frequencies ω ∼ ω e where ME susceptibility is the largest we obtain approximate expressions
In [4] where FE was considered in a constant external magnetic field, the expression obtained for α xx differs from (17).This difference is in the following. There is an energy of an external magnetic field µ 0 H 0 instead of the energy of orbital excitations (ǫ 0 + 2λS 0 ). For maximum fields H 0 ∼ 10 5 Oe reached at present, the energy µ 0 H 0 ∼ 10
• K whereas the value of the energy of orbital excitations ǫ 0 ∼ λS 0 for the 3d-compounds is considerably larger, of the order of 100 K.
As shown in [4] , the presence of ME susceptibility creates a possibility of a new optical effect -ME gyration -which consists in the rotation of a plane of polarization of the reflected and of the transmitted light by an angle which is proportional to the product of the first degrees of spontaneous electric polarization and magnetic field, i.e. to the value P 0e H 0 . Therefore, in a ferroelectric-ferromagnet where the value α xx is considerably larger than in FE, the effect of ME gyration is considerably strengthened by spin-orbital interaction. In other words, in ferroelectric-ferromagnet, an orbital moment manifests itself by λ -strengthening of ME gyration.
Conclusions and summary
Therefore, a simultaneous consideration of the spin, of the orbital moment, of the electron polarization and of the ion polarization of the 3d-compounds has provided a possibility to analyze possible manifestations of electron shell polarization and orbital degrees of freedom of the 3d-electrons in a spectrum and high-frequency susceptibility.
The orbital moment manifests itself in the breaks in the temperature dependencies of a nonsoft phonon mode and transverse dielectric susceptibility at FE transition temperature and in λ -increase of ME-gyration. Besides, ME effect of induction of high-frequency orbital susceptibility by the electron part of electric polarization has been also predicted. This effect should lead to the break in the temperature dependence of paramagnetic susceptibility at FE transition temperature.
In a series of publications [6] [7] [8] the observation was reported of a "magnetopolarization gyration" in ferroelectrics manifested in the rotation of the polarization plane of the light propagating along the magnetic field and the optical axis of the crystal through an angle φ proportional to the product of the first powers of electric polarization and magnetic field. By contrast to Faraday's effect, the double (forward and backward) passage of light has led to a compensation of the above-mentioned "magnetopolarization" effect. On the first sight this effect seems similar to ME gyration [4] but the estimates of ME gyration give a much smaller magnitude of the effect. In a ferroelectric-ferromagnet, the orbital moment increases the effect of ME gyration in λ ∼ 10 2 times in comparison with the value φ ∼ 10 −7 rad in a ferroelectric [4] . However, this value φ ∼ 10 −5 rad is smaller than that declared in [6] [7] [8] .
As for as the values of all the predicted effects are proportional to a spontaneous electric polarization then the 3d-compounds with a proper FE transition are more useful for the experimental investigations.
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